
Summary	

•  Premature to conclude we have seen TC change due to CO2	


•  Models allow estimates of TC sensitivity:	


•  Next couple of decades: internal variability dominant player���
                (some may be predictable, some not)	


•  NA Hurr. Response to CO2: maybe fewer, probably stronger.	


	


•  Sea level rise, precipitation increase & demographic changes key to 
future risk.	


Multi-decadal changes in hurricane activity	

Gabriel Vecchi	

NOAA/GFDL	




U.S. Landfalling���
Hurricanes	


Basinwide	

Hurricanes	


Fraction of ���
Basinwide	

Hurricanes	

Making U.S.	


Landfall	


Vecchi and Knutson (2011, J. Clim.); Villarini et al. (2012, J. Clim.)	




Even without changes in radiative forcing, Atlantic storm frequency 
shows large multi-decadal variability over a 2,000 year simulation, 

reminiscent of observed	


15-year running counts: model and obs.	




New seasonal hurricane prediction systems ���
show promise at regional scales 	


(Vecchi et al. 2014, J. Clim.)	


Shaded: “retrospecitve” predictions 1980-2012 tend to distinguish 
between years with many and few storms nearby	




New prototype NOAA-GFDL prediction model is able to 
recover history of Cat. 4-5s…experimental predictions 

underway…	


Murakami et al. (2015)	




An estimate of 21st century Atlantic hurricane changes: ���
Overall frequency decrease projected, ���

but perhaps more of the strongest storms 	


Adapted from  Knutson et al. (2013, J. Clim.)	

see also Knutson et al. (2008, Nature Geosci.); Bender et al (2010, Science)	
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The human and economic costs of Hur-
ricane Katrina in 2005 or Tropical Cy-

clone Nargis in 2008, coupled with grow-
ing coastal populations, highlight the need 
to know how tropical cyclone activity will 
respond to human-induced climate warm-
ing. This is not easy given the complexity of 
the processes that go into the making of a 
cyclone and the fact that we have a rela-
tively poor handle on long-term (century-
scale) variations in tropical cyclone activ-
ity around the globe. In the Atlantic some 
recent e!orts have been made to quan-
tify the uncertainty in long-term records 
of tropical cyclone counts (e.g. Vecchi and 
Knutson 2011).

A recent review (Knutson et al. 2010) 
points to a growing consensus regarding 
how tropical cyclone activity – particularly 
the globally averaged frequency, intensity 
and rainfall rates associated with cyclones 
– will behave during the 21st century. Mod-
els suggest that when averaged globally, 
the frequency of tropical cyclones is likely 
to remain the same or decrease through 
the 21st century: the decreases in the most 
compelling modeling studies to date span 
-6 to -34%. Con"dence in this projection is 
buttressed by the ability of several of the 
recent climate models or regional down-
scaling models to reproduce past tropical 
cyclone variability in several basins when 
forced with historical variations in bound-

ary conditions (e.g. Emanuel et al. 2008; 
Zhao et al. 2009). Proposed mechanisms 
include a weakening of the time averaged 
tropical circulation (Sugi et al. 2002; Held 
and Zhao 2011) or changes in the time av-
eraged vertical pro"le of moisture in the 
middle and lower troposphere (Emanuel et 
al. 2008). Projections for individual regions 
are far less certain than global averages 
because of the uncertainties in estimating 
the regional climate response (for example, 
patterns of sea-surface temperature re-
sponse). In the Atlantic basin, for example, 
21st century hurricane activity projections 
depend, to "rst order, on the rate of warm-
ing of the tropical Atlantic compared to the 
rest of the tropical ocean, which is not well 
constrained by current climate models.

In contrast to tropical cyclone fre-
quency, theoretical considerations and 
high-resolution models support the plau-
sibility of an increase in globally averaged 
intensity of tropical cyclones through the 
21st century, with a range of 2-11% among 
di!erent studies (Knutson et al. 2010). In-
terestingly, recent high-resolution model-
ing studies suggest that the frequency of 
the strongest storms – for example Atlantic 
Category 4 and 5 hurricanes – will increase 
throughout the 21st century (e.g. Bender et 
al. 2010). In the model projections, there is 
a competition between the e!ect of fewer 
storms overall and an increase in the inten-

sity of the storms that do occur. On balance, 
the latter e!ect dominates in this study for 
the case of very intense storms, but this 
very competition implies that we have 
less con"dence in this projection. Existing 
studies unanimously project an increase 
in the rainfall rate associated with tropical 
cyclones during this century (Knutson et al. 
2010), although the range is considerable 
(3 to 37%) and depends on such details as 
the averaging radius about the storm cen-
ter that is used in constructing the storm 
precipitation measure.

In our view, more con"dent projec-
tions of 21st century tropical cyclone ac-
tivity, including projections for individual 
basins, will require that climate modelers 
"rst reduce the uncertainty in projected 
sea-surface temperature patterns. This is 
challenging as it likely involves such di#-
cult to model in$uences as cloud feedback 
and the climate response to changes in 
atmospheric aerosols (IPCC 2007). The po-
tential importance of the latter is suggested 
by a recent study that concludes that aero-
sols have led to the recent increase in the 
intensity of Arabian Sea cyclones (Evan et 
al. 2011).

The attribution of tropical cyclone 
changes to anthropogenic forcing, which 
has not yet been convincingly demonstrat-
ed, requires long, homogeneous records 
of tropical cyclone activity and reliable 
estimates of the role of natural variabil-
ity in observed tropical cyclone activity 
changes, among other things. Paleoclimate 
proxy records of tropical cyclone activity 
(e.g. Donnelly and Woodru! 2007; Nyberg 
et al. 2007) could help. For example, if a 
number of such reconstructions convinc-
ingly showed that the most recent 50-year 
period was highly unusual compared with 
the previous 1,000 years, this would be very 
suggestive of a detectable anthropogenic 
in$uence. However, such a clear signal re-
mains to be demonstrated.  
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Figure 1: Normalized anomalies relevant to Atlantic tropical cyclone activity changes: Global mean temperature 
(green, top); August-October sea surface temperature (SST) in the tropical Atlantic main development region 
(MDR; 10-20°N, 80-20°W; green, second from top); hurricane counts adjusted for missing hurricanes based 
on ship-track density (red); US landfalling hurricanes (no adjustments; orange), and MDR SST minus tropical 
mean SST (green, bottom). Vertical axis tick marks denote one standard deviation intervals. Curves are five-year 
running means; dashed lines are linear trends. Only the top three series have significant linear trends (p<0.05). 
Source: Vecchi and Knutson (2011).

Hurricanes and Typhoons - Will  tropical cyclones become stronger and more frequent?

Paleohurricane reconstructions extend 
storm records further into the past to 

improve our understanding of the relation-
ship between tropical cyclones and climate. 
Though several types of tropical cyclone 
proxies are under development, sediment-
based records, which can span millennia, 
have thus far provided the longest storm 
reconstructions and have revealed the 
coarse centennial to millennial-scale fea-
tures of hurricane climate (e.g. Donnelly and 
Woodru! 2007). New, high-resolution sedi-
ment records developed from coastal ponds 
along the Northeastern Gulf of Mexico and 
in the Northeastern USA document statisti-
cally-signi"cant changes in storm activity in 
response to the modest climate variations 
of the late Holocene (Fig. 1A). These records 
provide evidence both for intervals with 
signi"cantly elevated and depressed storm 
activity relative to the historic, instrumental 
period. The largest variability in these paleo-
hurricane records occurs on multi-centenni-
al and millennial timescales, which suggests 
that Atlantic hurricane activity is poorly con-

strained by the relatively short instrumental 
record. 

Late Holocene variations in storm activ-
ity have been dominated by changes in the 
frequency of intense hurricanes rather than 
the overall number of landfalling tropical cy-
clones (e.g. Lane et al. 2011). A comparison 
between a 4500-year storm surge record 
from the Florida Panhandle (Fig. 1A) and re-
constructions of SSTs and Loop Current mi-
gration within the northeastern Gulf (Richey 
et al. 2007) suggests that intense storms 
were most frequent in the region not when 
Gulf SSTs were warmest but rather when the 
high ocean heat content of the Loop Current 
was closest to the study site. Future, intense 
hurricane activity may similarly respond 
more sensitively to upper ocean thermal 
structure rather than SST. Larger-scale fac-
tors also may have driven basin-scale vari-
ability in Atlantic hurricane intensities, with 
more (less) intense events occurring more 
often during periods of reduced (increased) 
ENSO variability (Conroy et al. 2008; Fig. 1B) 
and warmer (cooler) SSTs in the western 
North Atlantic (Keigwin 1996; Fig. 1C). This 

is consistent with the idea that the relative 
warmth of the tropical North Atlantic may 
be a good, aggregate indicator of Atlantic 
hurricane activity on greater than inter-an-
nual timescales.

Given the stochastic nature of hurri-
cane landfalls at a given location, any trend 
in basin-wide hurricane activity during the 
late 20th century would not be detectable 
in a single-site paleohurricane record. Fur-
ther, given the possible disconnect between 
landfalling and basin-wide activity as well 
as high-frequency regional variability in 
the occurrence of landfalling storms, multi-
site compilations of paleohurricane records 
may also fail to capture centennial or shorter 
scale trends or variability. However, on long 
timescales, North Atlantic paleohurricane 
records are fairly coherent revealing multi-
centennial to millennial-scale intervals with 
either frequent or few intense hurricanes.

Though the Earth’s climate state at the 
end of the 21st century may lack a Holocene 
analogue, hurricane proxies remain illustra-
tive if not predictive. These records demon-
strate that the climate system, on its own, 
can and has given rise to long-lived storm 
regimes much more active than anything 
experienced by vulnerable coastal cities and 
communities along the US Gulf and East 
Coasts. Paleo records of climate and hurri-
canes archive data from an experiment con-
ducted in the laboratory of Earth’s climate 
system, and reproducing the "ndings of that 
experiment would improve our understand-
ing of the dynamical controls on hurricane 
activity. Forcing statistical and dynamical 
models of tropical cyclone climate with the 
boundary conditions of past millennia and 
comparing the results with paleohurricane 
records may provide a pathway to evalu-
ate the predictive power of these emerg-
ing techniques and to identify the climatic 
causes of both the extremely active and very 
quiet storm regimes of the late Holocene.
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Figure 1: A) shows a 4500-year record of hurricane storm surges at Mullet Pond, Florida. Blue and red dots represent 
chronologies of small and large storm deposits as defined by the dashed blue and red threshold lines, respectively. 
The orange curve is the ratio of intense to total activity found by applying a 157-year sliding window to the chro-
nologies of discrete events. B) shows a proxy record of El Niño frequency based on lake level inferred from sand 
content in the crater lake El Junco in the Galapágos (Conroy et al. 2008). C) shows a time series of foraminiferal 
δ18O (sea surface density) from the Bermuda Rise, inferred SST is shown on the y-axis, though a portion (estimated 
to be about one third) of the variability in δ18O is thought to be related to changes in salinity also (Keigwin 1996).

Last 4,500 years in Mullet Pond, FL	
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Sea level is expected to continue rising along U.S. Coast, 
and flood events expected to become more frequent.	
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Figure 5. (a) Median projection and (b) width of likely range of local sea-level rise (m) in 2100 under RCP 8.5.

(53 and 62 cm, respectively) correspond to our 98th and 99th percentiles. Their projection of thermal
expansion (30 cm) includes no uncertainty and corresponds to our 22nd percentile [cf., Sriver et al., 2012].
They do not include changes in sea-level rise resulting from changes in land water storage. As noted pre-
viously, the tail of the sea-level rise projections is dominated by the uncertainty in AIS mass loss, which is
lower in Pfeffer et al. [2008] than in either our projections or BA13.

3.3. Local Sea-Level Projections: Patterns
Figure 5 displays the median LSL projections for RCP 8.5 in 2100 and the projection uncertainty, as
reflected by the difference between the 17th and 83rd percentile levels. In Figure 6, we illustrate the
relationship between LSL and GSL using three indices: (1) the median value of R, which we define as the
ratio of LSL change driven by land ice and oceanographic components to GSL change driven by those
same components (Figure 6a), (2) the uncertainty in R, reflected in Figure 6b by the difference between
its 17th and 83rd percentile levels, and (3) the magnitude and uncertainty of background, non-climatic
LSL change (Figure 6c). For sites where R is close to 1 and exhibits little uncertainty, GSL projections with
adjustment for local land motion provide a reasonable estimate of LSL; for other sites, more detailed
projections, such as those in this article, are necessary.

The median value of R (Figure 6a) is within 5% of unity at about a quarter of tide-gauge sites, with higher
values in much of Oceania, the Indian Ocean, and southern Africa resulting from the static-equilibrium
effects of land ice mass loss. R generally declines toward higher latitudes due to static-equilibrium effects,
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Figure 7. Expected fraction of years with flooding at tide gauges in excess of a given height under stationary sea level (black) and
RCP 8.5 over 2001–2030 (blue), 2050 (green) and 2100 (red). Grey vertical lines indicate the current 1-in-10 and 1-in-100 year flood
levels. Heights are relative to mean higher high water for U.S. sites and mean sea level for non-U.S. sites.

6. Cautions

In addition to highlighting the sensitivities and research needs noted in section 4, we raise several cau-
tions in interpreting our projections.

First, in the near-term, internal variability in sea-level rise [e.g., Bromirski et al., 2011] makes estimation
of precise timing of LSL change difficult. Most sites experience interannual variability with a 2! range
of about 4–10 cm [Hay et al., 2013; Kopp et al., 2010]. At the illustrative sites we consider, the difference
between the 17th and 83rd percentile projections exceeds the decimeter level between 2030 and 2050.
Until this threshold is reached, year-to-year variability will be comparable to the uncertainty in projections.

Second, as previously noted, historically estimated background rates of local, non-climatic processes may
not continue unchanged. For example, while we project 72± 5 cm of 21st century sea-level rise due to
non-climatic factors at Grand Isle, Louisiana, changes in fluid withdrawal could reduce the projection
[Blum and Roberts, 2012].

Third, our background rate estimates are the result of an algorithm applied to a global database of
tide-gauge data, with different sites having been subjected to different degrees of quality control. Some
tide-gauge sites may have experienced datum shifts or other local sources of errors not identified by the
analysis. We recommend that users of projections for practical applications in specific regions scrutinize
local tide-gauge records for such effects.

Fourth, our flood probability estimates should be viewed indicatively. They are based on hourly
tide-gauge records that may be of insufficient length to capture accurately the statistics of rare flood
events. They do not account for projected changes in tropical or extratropical cyclone climatology, such

KOPP ET AL. © 2014 The Authors. 403
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(53 and 62 cm, respectively) correspond to our 98th and 99th percentiles. Their projection of thermal
expansion (30 cm) includes no uncertainty and corresponds to our 22nd percentile [cf., Sriver et al., 2012].
They do not include changes in sea-level rise resulting from changes in land water storage. As noted pre-
viously, the tail of the sea-level rise projections is dominated by the uncertainty in AIS mass loss, which is
lower in Pfeffer et al. [2008] than in either our projections or BA13.

3.3. Local Sea-Level Projections: Patterns
Figure 5 displays the median LSL projections for RCP 8.5 in 2100 and the projection uncertainty, as
reflected by the difference between the 17th and 83rd percentile levels. In Figure 6, we illustrate the
relationship between LSL and GSL using three indices: (1) the median value of R, which we define as the
ratio of LSL change driven by land ice and oceanographic components to GSL change driven by those
same components (Figure 6a), (2) the uncertainty in R, reflected in Figure 6b by the difference between
its 17th and 83rd percentile levels, and (3) the magnitude and uncertainty of background, non-climatic
LSL change (Figure 6c). For sites where R is close to 1 and exhibits little uncertainty, GSL projections with
adjustment for local land motion provide a reasonable estimate of LSL; for other sites, more detailed
projections, such as those in this article, are necessary.

The median value of R (Figure 6a) is within 5% of unity at about a quarter of tide-gauge sites, with higher
values in much of Oceania, the Indian Ocean, and southern Africa resulting from the static-equilibrium
effects of land ice mass loss. R generally declines toward higher latitudes due to static-equilibrium effects,
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same components (Figure 6a), (2) the uncertainty in R, reflected in Figure 6b by the difference between
its 17th and 83rd percentile levels, and (3) the magnitude and uncertainty of background, non-climatic
LSL change (Figure 6c). For sites where R is close to 1 and exhibits little uncertainty, GSL projections with
adjustment for local land motion provide a reasonable estimate of LSL; for other sites, more detailed
projections, such as those in this article, are necessary.

The median value of R (Figure 6a) is within 5% of unity at about a quarter of tide-gauge sites, with higher
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Summary	


•  Premature to conclude we have seen TC change due to CO2	


•  Models allow estimates of TC sensitivity:	


•  Next couple of decades: internal variability dominant player���
                (some may be predictable, some not)���
                Prediction systems are getting more regional.	


	


•  NA Hurr. Response to CO2: maybe fewer, probably stronger.	


	


•  Sea level rise, precipitation increase & demographic changes key to 
future risk.	



